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Light is essential for vision and plays an important role in non-visual
responses, thus affecting alertness, mood and circadian rhythms. Further-
more, light influences physiological processes, such as thermoregulation,
and therefore may be expected to play a role in thermal comfort (TC) as
well. A systematic literature search was performed for human studies
exploring the relation between ocular light exposure, thermophysiology
and TC. Experimental results show that light in the evening can reduce
melatonin secretion, delay the natural decline in core body temperature
(CBT) and slow down the increase in distal skin temperature. In the morn-
ing though, bright light can result in a faster decline in melatonin levels,
thus enabling a faster increase in CBT. Moreover, the colour of light can
affect temperature perception of the environment. Light with colour tones
towards the red end of the visual spectrum leads to a warmer perception
compared to more bluish light tones. It should be noted, however, that
many results of light on thermal responses are inconclusive, and a theoreti-
cal framework is largely lacking. In conclusion, light is capable of evoking
thermophysiological responses and visual input can alter perception of the
thermal environment. Therefore, lighting conditions should be taken into
consideration during thermophysiological research and in the design of
indoor climates.
Keywords circadian rhythm, indoor environment, light, physiology, ther-
mal comfort, thermoregulation.
Introduction
Lighting conditions are known to be important for
visual comfort (Carlucci et al. 2015) during tasks such
as writing, reading and working at a computer (Veitch
et al. 1991, Newsham et al. 2005). However, light
also plays an important role in non-visual responses
that are mediated via the eyes. Studies show that
depending on the intensity and the spectral composi-
tion of the light exposure, light has important non-
visual effects on cognition, the sleep–wake cycle,
mood, health and alertness of man (e.g. K€uller &
Wetterberg 1993, Knez 1995, van Bommel & van den
Beld 2004, Webb 2006, Cajochen 2007, Manav 2007,
Smolders et al. 2012, Shamsul et al. 2013, LeGates
et al. 2014). Light synchronizes our circadian body
clock to the environmental light–dark cycle. Thermo-
physiological processes are known to have a circadian
rhythm; therefore, light may also affect human ther-
mal responses via circadian photoentrainment. Due to
the increasing amount of artificial light that people
are exposed to during the evening and at night, the
sleep–wake rhythm can become disturbed. The effects
of circadian disruption on human physiology and
© 2015 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha.12552 163
Acta Physiol 2016, 216, 163–185
health are not yet fully understood (Falchi et al. 2011,
LeGates et al. 2014), but there are clear indications
that circadian disruptions compromise human health
and functioning. Long-term circadian rhythm disrup-
tion has negative health effects and is a risk factor for
cancer, cardiovascular disease, metabolic abnormali-
ties and impairments of the immune system (Pritchett
et al. 2012). Additionally, studies found a link
between circadian rhythm disruption and mental ill-
ness (Jagannath et al. 2013). Temperature and lighting
conditions are important instruments that can be used
to enhance comfort in indoor environments, thus con-
tributing to stress reduction and improved well-being
(Donald & Siu 2001).
However, to the best of our knowledge no review is
available about the effects of ocular light exposure on
thermophysiology and thermal comfort (TC). There-
fore, this literature review aimed to structure studies
relating lighting conditions, thermophysiology and
TC. First, the theoretical background of the possible
physiological interaction between light and thermal
responses will be described. Next, the methodology of
the literature search will be explained. Subsequently,
studies about the effects of light on (thermo)physio-
logical responses and finally on the subjective
responses will be described and discussed. Together
this yields a better understanding of the interaction
between light and human thermal responses.
Background on light and light perception
In this section, the perception of light and sensitivity
of the human eye to light will be explained. The path-
ways that carry light information will be discussed
together with the pathways involved in thermal
responses. Connections between these two processes
will be explored in an attempt to understand or
explain effects of light on thermophysiology or TC.
Physics of light
Light is electromagnetic radiation and can convey
visual information by stimulating receptors in the
human eye (Mather 2009). The visible light spectrum
ranges from approx. 380–780 nm, as illustrated in
Figure 1 (Boyce 2003). For a white light source, con-
taining all wavelengths within the visible spectrum,
the colour temperature can be used to denote the
spectral properties of the source. The colour tempera-
ture represents the radiant temperature of a black
body radiator that emits a spectrum that, for human
colour perception, is virtually identical to the spec-
trum of the white light source. The radiation of a
black body consists of all wavelengths from 0 to ∞
and has a peak at a particular wavelength (k). The
temperature of the black body determines the wave-
length of this peak: a higher temperature goes along
with a peak at shorter wavelengths (Ranganath 2008).
Figure 1 shows the spectrum of a black body radiator
emitting at different radiant temperatures, denoted as
the colour temperature and expressed in Kelvin (K),
within the range of 3500–5500 K. It can be observed
that the spectrum of an emitter with a colour temper-
ature of 5500 K has a peak at shorter wavelengths
(green and blue colours) compared to an emitter with
a colour temperature of 3500 K that contains more
wavelengths towards the red end of the spectrum. An
incandescent light bulb generates thermal radiation in
the form of light that is emitted from a filament. The
bulb approximates an ideal black body radiator, and
the colour temperature of the lamp is essentially the
temperature of the filament. However, many light
sources generate light by means of mechanisms differ-
ent than thermal radiation, for example light emitting
diodes and fluorescent lamps (Bellia et al. 2011).
Consequently, the emitted radiation does not fully
match the spectral properties of a black body radiator.
Therefore, the term correlated colour temperature
(CCT) is often used describe the spectral properties of
such a white light source.
Sensitivity of the human eye
Light energy received by the eyes is converted in neu-
ronal activity by photoreceptor cells in the retina.
Figure 1 The electromagnetic spectrum emitted by an ideal
black body radiator emitting at different radiant tempera-
tures. The visible range of the spectrum is also indicated in
the figure (black body spectrum obtained from Ranganath
2008).
© 2015 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha.12552164
Light and thermal responses · M te Kulve et al. Acta Physiol 2016, 216, 163–185
Rods and cones are the two classical photoreceptor
cells in the eye (Berson 2003). Rods are responsible
for vision at low lighting intensities, while the red,
blue and green cones provide colour vision. These
photoreceptors all contribute to information for the
visual system. However, the response of the human
eye to light is not the same for different wavelengths
within the visible spectrum. The spectral luminous
efficiency function specifies the relative sensitivity of
ocular vision for different wavelengths. At high light
levels, the sensitivity is represented by the photopic
curve V(k). This is the combined sensitivity of the
three cones and has a peak sensitivity at 555 nm (Bel-
lia & Bisegna 2013). The scotopic curve, V’(k), repre-
sents the sensitivity of the eye at lower light levels,
obtained by rods, and is most sensitive at 507 nm
(Bellia & Bisegna 2013). These sensitivity curves are
illustrated in Figure 2. The cone and rod photorecep-
tors dominate photopic and scotopic vision respec-
tively. There is a third type of photoreceptor in the
retina of the human eye that has been discovered
more recently; the melanopsin-containing photosensi-
tive retinal ganglion cell (pRGC). These cells play an
important role in the synchronization of the circadian
rhythm (Berson 2003). Via this photoentrainment,
light indirectly influences behaviour, sleep, cognition,
seasonal affective disorders, melatonin production,
cortisol production and core body temperature (CBT)
(Lucas et al. 2014). The pRGCs are most sensitive to
wavelengths of 480 nm (Lucas et al. 2014) but also
receive input from rods and cones. The sensitivity
curve of pRGCs, Nz(k), is illustrated in Figure 2.
Next to radiometric units (such as W m2), photo-
metric units are often used to describe lighting condi-
tions. For instance, the illuminance of light is often
expressed in (photopic) lux, which is equivalent to
W m2 adjusted for the sensitivity of the human
eye for light of different wavelengths. Photometric
units are obtained when corresponding units in the
radiometric system are adjusted for the sensitivity of
the eye for photopic vision (V(k)) (Bellia & Bisegna
2013). The photometric units are adjusted for vision
but do not address the circadian effect, as the spectral
sensitivity for circadian effects via the pRGCs (Nz(k))
is different. The response of the pRGCs to light is
slower than that of rods and cones (Berson 2003).
However, bright light can evoke a sustained depolar-
ization in the pRGCs (Berson et al. 2002). Earlier
studies already demonstrated that the effect of light
on the circadian timing depends on the light dose; that
is, different exposure durations resulted in different
circadian phase-shifting effects (Zeitzer et al. 2000).
The effect of the duration of the lighting exposure on
the circadian phase shift appeared to be nonlinear; per
minute of lighting exposure, short exposures are more
efficient as compared to longer lighting exposures
(Chang et al. 2012). This effect of the duration of
light may be different for thermal responses, but pos-
sible saturation properties should be taken into
account when interpreting the results of the studies
discussed in the next sections.
Visual and non-visual pathways activated by light
Figure 3 illustrates the neural pathways that can be
activated by ocular light exposure (L). The photore-
ceptor cells (pRGCs, rods and cones) of the eye
receive light. As described, the rods and cones provide
input that is translated into visual information. The
pRGCs are, inter alia, connected to the suprachias-
matic nucleus (SCN) of the hypothalamus (Berson
et al. 2002). The SCN coordinates the circadian
rhythms of a wide range of behavioural and physio-
logical processes (Leglise 2008). The pRGCs are
important for non-visual biological effects such as cir-
cadian timing of body temperature, heart rate (HR),
cortisol production, melatonin production and alert-
ness (van Bommel 2006, Lucas et al. 2014). The
Figure 2 The sensitivity curves for the
human photoreceptors: the photopic
curve V(k) as defined by the cone pho-
toreceptors and the scotopic curve V’(k)
as defined by the rods, and the estimated
sensitivity curve of the melanopsin-con-
taining pRGCs is displayed by Nz(k).
Data obtained from ‘Irradiance toolbox’
(Lucas et al. 2014).
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pRGCs are sensitive to light themselves, but also
receive input from the rods and cones (Lucas et al.
2014). Additionally, pRGCs might transmit informa-
tion directly to visual pathways as well (Hatori &
Panda 2010).
Neural pathways activated by the thermal environment
The upper part of Figure 3 illustrates how cold (C) or
warm (W) temperatures lead to thermophysiological
responses and perception of the temperature. Thermal
receptors are located in the skin; in the internal body,
for example intestines and blood vessels; and in the
hypothalamus. The skin contains warmth receptors that
have a peak response around 40 °C and cold receptors
that are most responsive to temperatures around 20 °C
(Zigmond et al. 1999). The fire rate of the receptors is
temperature dependent. The receptors project to the
thermal sensory neurones in the dorsal horn. These sig-
nals are redirected via the spinal cord and transmitted,
among others, to the thalamus (Morrison & Nakamura
2011). Here, these signals are sent to the insular cortex
(Craig et al. 2000), which is involved in the thermal
perception and temperature sensing at high spatial reso-
lution (Romanovsky 2007, Morrison & Nakamura
2011), resulting in thermal sensation (TS) and TC, and
could influence thermal behaviour.
The thermosensory signals are also transmitted
from the lateral parabrachial nucleus to the medial
preoptic area (MPO) of the hypothalamus. The MPO
is involved in heat dissipation by coordinating the
autonomic nervous system (Martin 2003). The cold-
induced signals activate mechanisms for cold defence
such as cutaneous vasoconstriction, non-shivering
thermogenesis in the brown adipose tissue (BAT), and
shivering heat production in the skeletal muscle. On
the other hand, warm-sensitive neurones inhibit these
activities. They promote heat loss and can induce
cutaneous vasodilation and evaporative cooling
through sweating (Morrison & Nakamura 2011).
The SCN is also involved in thermoregulation, and
it plays an important role in controlling the circadian
rhythm of CBT (Scheer et al. 2005) and energy expen-
diture (EE) (heat production) (Coomans et al. 2013b).
Experimental results suggest that the dorsomedial
nucleus of the hypothalamus (DMH) and MPO
receive signals from the SCN and may provide input
to the ventrolateral preoptic area (VLPO) (Deurveilher
et al. 2002). According to Saper et al. (2005), these
signals from the SCN are sent via the dorsal subpar-
aventricular zone to the MPO, which is responsible
for the circadian rhythm of thermoregulation. The
SCN also provides input to the ventral subparaventric-
ular zone, which integrates these signals together with
other stimuli, in the DMH. The DMH projects these
signals to the to the VLPO, which is important in the
control of the sleep–wake rhythm (Saper et al. 2005).
The DMH may also play a role in thermoregulation
(Dimicco & Zaretsky 2007).
The neural pathways that are activated by light and
temperature are combined in one model to show the
potential connections between the visual and thermal
responses. Figure 3 reveals that both systems share the
hypothalamus. However, the different pathways are
connected to different nuclei in the hypothalamus.
The thermal pathway is connected to the MPO, while
the pathway of light is connected to the SCN. Still,
the circadian rhythm of thermoregulation requires
integration of the input of the SCN about circadian
timing. Therefore, light can affect thermoregulation,
which on its turn could alter TS and TC. Apart from
the phase-shifting effect, other physiological or
Figure 3 Neural pathways for tempera-
ture information via the cold-sensitive
neurones ‘C’ and the warm-sensitive
neurones ‘W’ and the neural pathways
of light ‘L’. The possible relation
between visual information and ther-
moregulatory responses, thermal sensa-
tion and behaviour is indicated with a
dashed line.
© 2015 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha.12552166
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psychological connections between the visual system
and thermal system can lead to light-induced thermal
responses, as described in the next sections.
Circadian effects and the role of melatonin
Light influences the circadian system and the timing
of our body clock. Melatonin is an important marker
of the circadian timing system. It is only secreted dur-
ing the habitual sleep period and enables for consoli-
dated sleep (Dijk et al. 1997). When it is sufficiently
dark during the habitual sleep period of diurnal spe-
cies, the firing activity of the SCN is low and mela-
tonin is secreted by the pineal gland. Light during the
habitual sleep period, in man this usually is at night,
increases the SCN firing activity and suppresses the
release of melatonin (Gonnissen 2013). The amount
of melatonin suppression depends on the spectrum of
the light exposure (Brainard et al. 2001, Thapan et al.
2001), but also depends on the timing of the exposure
and the prior light history; melatonin suppression is
larger when the lighting exposure is preceded by dim
light instead of bright light (Chang et al. 2011). Mela-
tonin is involved in the dissemination of information
about the daily light–dark cycle to the body physiol-
ogy (Cardinali & Pevet 1998). Light can acutely sup-
press melatonin production, and it can also shift
melatonin production (and sleep) to later and earlier
times, depending on whether the light exposure occurs
in the hours before or after the time point of the low-
est CBT (Dijk et al. 1995).
Melatonin has a circadian rhythm with high levels
and a peak during our habitual sleep period (during
the night for most people), and very low levels during
the habitual wake period (during the day for most peo-





Figure 4 (a) Data of CBT and mela-
tonin concentration obtained by Cajo-
chen et al. (1999) in men under
sustained wakefulness of 32 h (Cajochen
et al. 1999); (b) heat production data
obtained by Krauchi & Wirz-Justice
(1994) in men under unmasking condi-
tions (constant bed rest, no sleep, regular
food and fluid, lighting intensity of <50
lux and temperature of 22 °C) (Krauchi
& Wirz-Justice 1994); (c and d) distal
and proximal skin temperature and CBT
data obtained by Krauchi et al. (2000),
7.5-h constant routine (16:30–
24:00 hours), followed by 7.5-h sleep
period (24:00–7:30 hours) (Krauchi
et al. 2000).
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physiological parameters are shown in Figure 4. Fig-
ure 4b and c illustrates that in the evening, there is an
increase in distal skin temperature (SKT) and a
decrease in heat production, proximal SKT and CBT
(Aschoff 1983, Krauchi & Wirz-Justice 1994). Mela-
tonin is associated with an increase in sleepiness,
decrease in rectal temperature and proximal body
temperature in humans (Deacon et al. 1994). The
relation between melatonin, CBT and SKTs was also
confirmed by means of oral melatonin administration.
Administering melatonin resulted in an increase in dis-
tal SKT, while proximal and CBT reduced (Krauchi
et al. 2006). The reduction of the distal to proximal
SKT gradient (DPG) suggests that melatonin induces
vasodilation (van der Helm-van Mil et al. 2003, Krau-
chi et al. 2006). Higher distal temperatures are associ-
ated with a rapid onset of sleep (Krauchi et al. 1999,
Lack et al. 2008). Thus, melatonin influences ther-
moregulation by heat loss induction (vasodilation)
(Gilbert et al. 1999, Cajochen et al. 2003, Pandi-
Perumal et al. 2008), thereby increasing distal temper-
atures and decreasing CBT. In the early morning,
exogenous melatonin administration results in a phase
delay, while in the evening, it results in a phase
advance (Arendt & Skene 2005).
Besides affecting the rhythm of thermoregulation,
melatonin seems to be important for an adequate energy
balance and the regulation of EE through activating
BAT (Cipolla-Neto et al. 2014). In rodents, injection of
melatonin increases BAT activity (Saarela & Reiter
1994, Cipolla-Neto et al. 2014). Also nocturnal loco-
motor activity in rats was increased after melatonin
administration, which resulted in decreased body
weight, as it did not influence food intake (Terron et al.
2013). However, the effect of melatonin in humans
could be the opposite because melatonin typically rein-
forces dark-period-related behaviour within each spe-
cies; this means waking in nocturnal hamsters or rat
and sleeping in the diurnal species such as man (Huber
et al. 1998). In man, the heat production declines when
melatonin increases in the evening. Although functional
BAT has been described in adult humans as well (e.g.
van Marken Lichtenbelt et al. 2009), the effect of mela-
tonin on EE in humans remains to be explored.
In conclusion, light is important in regulating the
circadian rhythm, thus controlling thermophysiologi-
cal rhythms such as those of the CBT and SKTs. The
SCN is responsible for these physiological effects and
regulates the secretion of melatonin, which in turn
also affects thermophysiological responses. However,
it cannot be concluded that altering the circadian tim-
ing is the only mechanism to affect thermal responses.
Other mechanisms, such as the psychological effect of
visual information or acute alerting effects of light,
which will be described more extensively below, may
be involved. The next sections describe studies that
tested the effect of lighting conditions on human
(thermo)physiological responses and on TC.
Systematic review on the effects of light on
thermal responses
Publications search
A systematic literature search was performed to collect
studies on the relation between light, thermophysiology
and TC. The electronic databases that were used are
Science Direct, PubMed and Web of Science, and Goo-
gle Scholar was used as a search system. A combination
of the terms from I and II was used: (I) ‘thermal com-
fort’ or ‘thermal sensation’ or ‘thermoregulation’ or
‘thermophysiology’ or ‘thermal behaviour’ or ‘dressing
behaviour’ or ‘core-temperature’ or ‘skin-temperature’
or ‘human energy expenditure’ or ‘blood perfusion’ and
(II) ‘light’ or ‘bright’ or ‘dim’ or ‘colour’ or ‘illumi-
nance’ or ‘visual’. Additionally, publications were
found from the references from other articles.
Selection of the articles was made based on title
and/or abstract. Inclusion criteria were peer-reviewed
studies in humans about the effects of visual input on
thermophysiology and/or TC. The physiological
parameters that are included are core body tempera-
ture (CBT), skin temperatures (SKT), distal to proxi-
mal skin temperature gradient (DPG), distal to core
temperature gradient (DCG), blood flow (BF), sweat
(SW), energy expenditure (EE), heart rate (HR) and
blood pressure (BP). For thermal comfort, the para-
meters thermal comfort (TC), thermal sensation (TS),
preferred temperature (PT) and dressing behaviour
(DB) are included. Publications that did not meet the
inclusion criteria but contained relevant information
regarding the topic were not included in Table 1 but
used in the discussion of the results of the experiments
in the next sections.
Publications analyses
The selected articles are listed in Table 1. The table
consists of two categories: (I) thermophysiology and
(II) thermal comfort. Described in the table are light-
ing exposures, the time and the duration of the expo-
sure (as far as known), the number and gender of the
subjects that participated in the experiment, and the
thermal conditions of the experiments. The effects of
the lighting exposure are described for each of the rel-
evant parameters. The results on thermophysiology
are described in the section entitled: ‘Light and
(thermo) physiological responses’ and the results on
the subjective responses in ‘Effects of light on subjec-
tive thermal parameters’.
© 2015 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha.12552168
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Light and (thermo)physiological responses
Effect of light on CBT, SKTs and heat loss
The effect of light in the evening on CBT was tested
in experiments #14–25, 32 and 33 from Table 1. It
was found that the decline in CBT in the evening
was smaller under bright light (effect between
<0.1 °C and 0.3 °C) as compared to dim (#14–23
and 25). Also light that is rich in shorter wavelengths
(high CCT) resulted in a smaller decrease, around
0.2 °C, in CBT (#32 and 33), as compared to light
that is rich in longer wavelengths (low CCT). In two
of these studies, melatonin was measured and it was
found that this smaller decline in CBT went along
with a lower concentration of melatonin (#25 and
33), which is in accordance with the above-described
inverse relation of melatonin with CBT (paragraph
3.5). Light that is rich in longer wavelengths (low
CCT) was not capable of suppressing the evening
decline in CBT (#32 and #33). This suggests that the
mechanism involved in the light-induced suppression
of the natural decline in CBT (in the evening and at
night) is influenced by the pRGCs: similar to phase
shifting of the circadian rhythm, this effect is most
sensitive for shorter wavelengths. When comparing
the effects of light during the night on CBT, a
100-lux exposure was not significantly different from
a 10-lux exposure (#24).
Providing bright light in the morning (#2–4, 7–9
and 10), or morning and afternoon (#12 and 13), con-
firms the hypothesis of phase shifting of the circadian
rhythm of CBT. Experimental results of these morning
bright light exposures show an earlier increase in CBT
in the morning (#2, 3 and 6). Also, a lower CBT of
on average 0.1 °C during the end of the morning (#7),
the afternoon around 0.2 °C (#4, 7–12) and evening
around 0.1 °C (#13) was found after morning bright
light exposure. Two other studies show that the CBT
is on average 0.5 °C lower after bright light (>2500
lux) in the morning (#1 and 5), as compared to light
with an intensity of 60 lux (#5) or as an addition to
everyday light exposure (#1). Again the inverse rela-
tion with melatonin was present (#7 and 10). Bright
light exposure during the afternoon, when melatonin
is normally absent, did not result in a change in CBT
(#14, 15).
The different effects of light in the morning, after-
noon and evening support the hypothesis that the
effects of bright light are based on phase shifting of
the circadian rhythm and/or the light-induced sup-
pression of melatonin. However, studies that did not
report time of exposure cannot unconditionally be
explained by this hypothesis. Experiments performed
at an unknown time found that the CCT of light
affects CBT: a 0.1 °C higher CBT was measured
under white light that is relatively rich in longer
wavelengths (3000 K) as compared to white light
that is relatively rich in shorter wavelengths [5000 K
and 7500 K (#29) and 6000 K (#35)]. However,
comparing red and blue light did not result in a
different CBT (#28). Moreover, in an experiment that
did not report the time of the day, no difference in
CBT was found during bright light exposure (700
lux) as compared to exposure to lower light levels
(70 lux) (#26).
Regarding SKTs, it was observed that bright light in
the morning and afternoon (as compared to dim light)
resulted in an on average 0.5 °C lower mean SKT in
the evening (#13) and bright light in the morning in
an around 0.5 °C lower forehead SKT in the after-
noon (#11). Other experiments that tested the effects
of light in the morning did not find any effect on SKT
(#7 and 8). This absence of an effect on mean SKT
does not necessarily implicate that all SKTs were not
affected. In the evening, bright light exposure led to
an increased mean SKT of 1.0 °C (#21 and 22) as
compared to light with an intensity <50 lux. The SKT
of the foot, however, was around 2.0 °C lower
under bright light exposure in the evening (#25) as
compared to dim light. An explanation could be that
bright light in the evening increases proximal SKT and
decreases distal SKT. For the DPG, it was found that
monochromatic light at both 460 and 550 nm in the
evening suppresses the evening decline of this gradient
by 0.7 °C (#33). A similar effect on DPG was found
during the night after evening bright light exposure as
compared to dim light (#16). Melatonin concentration
was also measured and appeared to be lower during
the night after bright light (#16). The suppression of
melatonin in the evening resulted in increased proxi-
mal temperatures (0.2 °C), decreased distal tempera-
tures (0.5 °C) and a larger DPG (#16 and 33).
Without giving any information about the time of the
day and the melatonin levels of subjects, two studies
found that SKTs were lower under light with a CCT
of 3000 K compared to 5000 K and 7500 K (#29)
and 6000 K (#35) while subjects were exposed to cold
temperatures. Other experiments that tested the effect
of the intensity of light (#26) and the colour of light
(#28) on SKT, but did not report the time of exposure
and did not find any effect on SKT.
The effect of light on SW was studied in three
experiments. Comparing the effects of blue light ver-
sus red light, no difference in SW was observed (#28).
However, after being exposed to bright light in the
morning, the onset of sweating started at 0.1 °C
lower CBT as compared to dim light (#7 and 9). As
CBT was lower during bright light and there was no
significant difference in SKT during both exposures, it
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could be that sweating started at the same time and
with the same SKT under both lighting conditions.
However, at that time, the CBT was lower under
bright light as compared to dim light. Therefore, the
results were not conclusive with respect to the effects
of light on sweating.
In general, these studies show that bright light in
the evening can suppress melatonin and suppress the
decrease in CBT and proximal SKT, whereas it
decreases distal SKT. Light exposure in the morning
results in an earlier increase in CBT along with a
more rapid decline in melatonin concentration. Studies
carried out during the afternoon did not find any
effect of light exposure on CBT and SKT. These find-
ings indicate that the effect of bright light on CBT,
DPG and SKT depends on the time of day, the inten-
sity and the spectral composition of the light expo-
sure. However, it is not known whether these effects
can occur independent of melatonin suppression or
potential phase shifts in the circadian rhythm. Addi-
tionally, studies on the effect of lighting exposure on
CBT and SKT performed during daytime (office
hours) are rare.
Effect of light on heat production
Physical activity increases human heat production. In
cold environments, humans also increase their heat
production through shivering and non-shivering ther-
mogenesis (van Ooijen et al. 2007). In warm environ-
ments, on the other hand, EE can increase through
increased blood circulation, activity of SW glands and
increased body temperature (Kingma et al. 2012).
Additionally, as described above, heat production also
has a circadian rhythm. It is likely that exposure to
light is capable of affecting human EE by altering the
circadian rhythm. However, we were also interested
in the acute effects of light on EE independent of the
influence of light on the circadian rhythm. This
knowledge could be applied in the design of indoor
environments that can help improving the (metabolic)
health of building occupants.
Three studies have investigated the effects of light
on human EE. EE was not affected by the colour
temperature of the light exposure when comparing
different CCTs of light, 3000, 5000 and 7500 K (at
an unknown time) (#29). During the evening, bright
light exposure (#21) did not result in a different EE
as compared to dim light exposure. The third experi-
ment studied blue light exposure in the evening as
compared to dim light and found that EE the next
morning was significantly lower after the exposure to
blue light (#34). It is plausible to assume that the
blue light resulted in a phase delay of the circadian
rhythm and therefore caused lower EE the next
morning. Another study reported that early morning
bright light exposure (>500 lux) was associated with
a lower BMI [body mass index: body mass divided
by the square of the body height (kg m2)] (Reid
et al. 2014). Accounting for light levels, activity and
food intake of human subjects, one could hypothesize
that this result originates from a higher metabolic
rate in subjects that were exposed to light levels
above 500 lux earlier during the day. However, this
still is rather speculative as the study did not correct
for possible BMI effects due to the timing of food
intake and the duration and quality of sleep. Both
studies indicate that a later circadian phase results in
a lower EE. The effects of the circadian timing sys-
tem on EE have also been investigated in mice. Mice
that were housed under constant light (>180 lux) had
an increased food intake (+26%) and decreased EE
(13%) as compared to mice housed under a 12-h
light and 12-h darkness cycle (Coomans et al.
2013a). In broiler chickens, EE was found to be
increased under bright light as compared to dim
light, while behaviour was similar (Kim et al. 2014).
Whether such effects of light on EE can also occur in
man remains to be studied.
Effect of light on cardiovascular parameters
Table 1 includes four studies measuring the effects of
light on BP. Bright light, either in the morning or in
the evening, decreases BP (diastolic-<5 mmHg (#8 and
21), systolic 10 mmHg) as compared to dim light
(#8) and light with an intensity of 300 lux (#21).
However, one study found a higher systolic BP during
bright light in comparison with dim light (#25). Light
with a high CCT (7500 K) also resulted in a 4 mmHg
higher diastolic BP as compared to 3000 and 5000 K
light exposure (#36). The duration and time may be
of influence on the effect of intensity and colour.
Therefore, no clear conclusions can be drawn from
these studies about the effects of light on BP. The
effect of light on HR was studied in #11, 14, 21–23,
25, 33 and 37. One study did not find any effect of
light intensity in the morning on HR (#8). A second
study observed an increased HR [+ <5 beats per min-
ute (bpm)] after bright light exposure during the
morning as compared to exposure to 50 lux (#11).
Additionally, bright light during the night (5000 lux)
was found to be associated with an increase in HR
(around 5 bpm higher) (#14). However, no effect on
HR was observed when comparing bright light expo-
sure versus light with a low intensity (<50 lux) during
different times of the day and evening (#14, 21, 22,
23 and 25). Evening exposure to light with a wave-
length of 460 nm increased HR (by 2 bpm) as com-
pared to exposure to light with a wavelength of
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550 nm (#33). Another study did not find any effect
of CCT on HR (#37). Other visual input, a film of a
warm or a cold landscape, was capable of evoking
cardiovascular responses. Heart rate was higher while
watching a hot landscape compared to a cool land-
scape, which is according to the authors in line with
responses in a real environment (Takakura et al.
2013). No effects on BP were found in that study.
Altogether, it can be concluded that light plays an
important role in physiological and thermophysiologi-
cal responses. The timing of the light exposure is a
key factor in the obtained results because light is
involved in controlling the circadian rhythm and mela-
tonin secretion. It is not clear whether other psycho-
logical mechanisms may also play a role in the
interaction between visual information and thermal
responses.
Effects of light on subjective thermal
parameters
In this section, we will address the relation between
light and thermal behaviour, TS and TC. First, the
results of varying lighting intensity will be described
followed by the effects of the colour of light.
Effects of lighting intensity on DB, TS and comfort
Four studies (#39–41 and 43) focussed on DB after
lighting exposures of different intensities. These stud-
ies all found an effect of the lighting intensity on the
thickness of clothing chosen by the subjects. Two
studies found that subjects chose thicker clothing after
dim light exposure as compared to bright light expo-
sure (#39 and 40). However, in the other two studies,
subjects chose heavier clothing after bright light expo-
sure in comparison with dim light exposure (#41 and
43). Three of these studies showed that less heavy
clothing went along with a lower CBT (#39–41).
However, in the experiments that were performed
during the day, CBT was lower and less heavy cloth-
ing was chosen after bright light exposure as com-
pared to dim light. Simultaneously, the experiment in
the evening found the same effect on CBT and DB
after dim light exposure instead of bright light expo-
sure. This may indicate that less heavy clothing was
associated with a lower temperature set point due to
the lower CBT. In the fourth study, no difference in
CBT was found (#43).
Experiments also studied the effects of light inten-
sity on TS and TC (#38–44). TS was evaluated as
warmer (+0.5 till 1.0 point on the TS scale (ASHRAE,
2004)) during and after being exposed to bright light
(>3000 lux) as compared to dim light (#38–40, 42
and 44), although one experiment found a colder TS
(0.5) after being exposed to bright light (#41) and
one found no significant effect as compared to dim
light exposure (#43). Comparing the time of exposure
and the effect on TS, the results, except from study
#42, may be explained by the change in CBT. Bright
light in the morning lowers CBT during the day
resulting in a warmer TS. In the evening, bright light
suppresses the decline in CBT and this results in a
cooler TS. For the experiment that did not find any
effect, it could be that the intensity of the bright light
condition (700 lux) was too low to obtain an effect.
Three studies evaluated TC (#40, 41 and 43), and
only one study measured an effect of the lighting
intensity on TC (#41). In this experiment, subjects
were exposed to a cold environment (15 °C) that was
either brightly or dimly lit, and TS was colder after
bright light. As a consequence, TC was higher after
dim light exposure.
It is likely that the effects of light on thermophysio-
logical responses result in altered TS. Indeed, the
effects of the intensity of light on DB and TS are
found. For DB and TS, it was found that the effect
depends on the time of the day and seems to be
related to the change in CBT. The time-dependent
effects on TS, however, were not consistent. The
researches of one study (Xu & Labroo 2014) report
that bright light makes people feel warmer, and it was
suggested that these effects arise because more (sun)
light is usually associated with the perception of more
heat and thus might trigger the hot emotional system
(for instance via priming). This can be supported by
the notion that emotions can evoke thermal responses
(Zhong & Leonardelli 2008, Ijzerman et al. 2012).
However, the role of timing of the lighting exposure
and its possible effect on thermophysiology cannot be
checked due to the lack of physiological measurements
and indication of clock time.
Effect of spectral tuning of light on TS, TC and thermal
behaviour
The effect of colour on TS is sometimes described by
the ‘hue–heat hypothesis’, which states that an envi-
ronment that is lit by a light spectrum that is rich in
frequencies to the red end of the visible spectrum is
perceived as warmer as compared to light that is rich
in frequencies to the blue end of the visible spectrum
(Bennet & Rey 1972). The experiments #45–48 all
confirmed this hypothesis. Comparing a room with
extreme red versus extreme blue light revealed that
the PT was slightly lower (0.4 °C) in the red condi-
tions compared to blue (#47). In a slightly warm
room, TC was slightly increased (+6 on a scale from 0
to 100) when the room was lit using a CCT of
5000 K as compared to 2700 K (#48). Moreover, the
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temperature in this room was perceived as somewhat
cooler when using the higher CCT, as expected. The
effects of the colour of light on TC and TS have also
been tested in aircraft simulations. Experiments #45
and #46 found that TS was more warm (+0.1 till +0.6
(ASHRAE, 2004) TS vote) under white light with a
yellow colour tone (rich in longer wavelengths), as
compared to white light with a blue colour tone (rich
in shorter wavelengths). In one of these studies, TC
was also perceived as more pleasant and ambient tem-
perature was estimated to be 0.2 °C higher under yel-
low light as compared to blue light (#45). In the
second aircraft simulation study, no significant effect
of the light conditions on TC was found (#46). The
hue–heat hypothesis has also been tested the other
way around; in cold temperatures, subjects preferred
light with low CCTs, while under warm temperatures,
high CCTs were preferred (Nakamura & Oki 2000).
Thus, under cold conditions people prefer warm tones
of white and yellowish colours, while under warm
conditions people prefer cold tones of light and bluish
colours.
It must be noted that the results obtained with
coloured objects and environments cannot be directly
translated into coloured lighting conditions. Already
in 1926, Mogensen and English tested the effect of
colour of an object on TS in an experiment where
subjects had to estimate which of two cylinders felt
warmer; each cylinder was covered with a different
saturated colour, while the temperature of both cylin-
ders was equal (42 °C). The colours green and blue
were rated most often as being most warm, and red
and purple were perceived as least warm (Mogensen
& English 1926). Although the differences were small,
these results were in contrast to what was expected as
purple and red are known to be experienced as
‘warm’ colours. The researchers state that the warmth
of colours is insufficient to modify the judgment of
tactual warmth. However, it could also be that the
expectation of a warmer object (with a warm colour)
resulted in a lower estimation of the actual tempera-
ture. The effects of red and blue were also tested using
red and blue carpet and curtains. Experiments under
an increasing and a decreasing room temperature have
been conducted. For an increasing temperature, the
measured effects confirm the hue–heat hypothesis;
the red interior resulted is a warmer TS. However, for
the decreasing temperature, the opposite was found
and subjects felt cooler when surrounded by the red
interior (Kuno et al. 1986).
Although the differences are small, the studies that
used light to create different CCTs within a room do
confirm that the thermal environment is perceived as
warmer under yellow or reddish light (#45–48). The
visual appearance of the environment may thus influ-
ence the subjective assessment of the thermal environ-
ment. This was supported by a study that asked
subjects to rate their thermal environment while
watching a film of a cool or a warm landscape (ice-
bergs versus desert). TS was higher when watching a
warm landscape (Takakura et al. 2013). Again it is
not possible to conclude that the effects caused by
light are obtained only via the visual pathway,
because physiological parameters and clock time of
the experiments were not provided. Only experiment
#47 also measured CBT, SKT and SW. This experi-
ment found no effect of light on these parameters,
while a slightly higher PT under blue light was mea-
sured.
Interaction between indoor environmental parameters
Several studies suggest that the interaction between
light and TC may be due to the overall appreciation
of the indoor environment; for example, if one of the
environmental parameters is rated positive, it also
improves the other indoor parameters. Excellent light-
ing conditions may compensate for a poor thermal
environment or acoustics (Humphreys 2005). How-
ever, an experiment that evaluated the effects of ther-
mal conditions on visual comfort appraisal found no
interaction (Laurentin et al. 2000). Still, it was found
that a higher CCT (as compared to a lower CCT) was
associated with a cooler perception of air temperature,
which is in line with the hue–heat hypothesis (Lau-
rentin et al. 2000).
In conclusion, studies have shown that lighting
exposure can alter TS and TC. Different mechanisms
can explain how these effects are obtained. The effect
of light on thermophysiology could lead to an altered
TS, but also the visual impression of a warmer envi-
ronment could affect TS. Additionally, the interaction
of different indoor environmental parameters, such as
temperature, light and acoustics, could affect each
other. Still, how these three parameters interact has
not yet been described. The absence of time informa-
tion (regarding both the internal subjective time and
external time) of the light exposures and the lack of
physiological measurements make it almost impossible
to verify how these different parameters may interact,
and more research into this field is needed.
Discussion
Light, thermophysiology and TC
Light is capable of evoking physiological responses
that are not directly linked to visual light perception,
an example being thermoregulation. Figure 5, which
is a simplification of Figure 3, shows the possible
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relations between lighting intensity, lighting colour
and thermoregulation.
The literature survey revealed that a limited set of
human experiments confirm the link between light
and thermophysiology, TC, TS and thermal beha-
viour. The non-visual effects of light depend on the
(circadian) timing of the light exposure. Studies also
explain the thermal responses by perception of the
visual environment affecting thermophysiology and
TC. This psychological effect is based on the link
between the colour (tone) and the intensity of light
and how these aspects are associated with heat or
cold. Because most studies that investigated this asso-
ciation did not perform physiological measurements
and many did not report the (internal and/or external)
timing of the experiments, the effect is not completely
understood. To check for the effects of circadian tim-
ing, well-controlled studies are required.
Figure 5 illustrates current knowledge of the inter-
action of light and thermal responses. The relation
between visual information and, on the other hand,
thermophysiology, TS, TC and thermal behaviour is
indicated with dashed lines, as this interaction is not
yet clearly understood. Studies that used experimental
light conditions to influence thermophysiology
revealed that there is a relation between light and
thermophysiology via the non-visual pathway. It
appeared that the intensity and colour of light and the
time and duration of the light exposure influence the
obtained effects. Whether light also has a direct influ-
ence on thermophysiology, without influencing mela-
tonin or the circadian rhythm, remains to be
elucidated. Future research should focus on the rela-
tions and influencing factors indicated with the dashed
lines in Figure 5.
Spectral tuning of light and intensities
The timing and duration of the lighting exposure, as
well as the intensity and spectral tuning of light, can
affect thermophysiology. Contradicting results were
obtained for the physiological responses, when apply-
ing the same light exposure in the morning and eve-
ning. The illuminance threshold, above which the
effects can be obtained, and the optimal wavelengths
or colour spectrum of the lighting exposure are not
fully known yet. Light with a peak intensity around
480 nm, the peak sensitivity of the pRGCs, seems to
be a powerful stimulus for suppressing melatonin and
also powerfully affects other physiological processes.
Surprisingly, for alertness and performance, it was
found that daytime red light exposure, when preceded
by 10 min of dim light exposure, yields a higher alert-
ness and performance as compared to white light
exposure (Sahin et al. 2014). Prior light history and
the intensity chosen for the light exposure could be a
contributing factor to this outcome. No single spectral
efficiency function accounts for responses under all
conditions. Findings indicate that rods, cones and
pRGCs all can contribute to non-image-forming
responses (Lucas et al. 2014).
In some studies, temperature was judged as being
cooler under blue-rich light as compared to red light,
or when viewing a cold landscape as compared to
viewing a warm landscape. However, most studies
tested only short-term effects, with an experimental
time of approx. 10–15 min. It remains unknown
whether the effects also exist after a longer exposure
duration. Additionally, well-controlled timing of
experiments that include physiological measurements
is necessary to investigate thermal responses to light
and to explore whether these responses are mediated
via visual and/or non-visual pathways. Moreover,
further research is needed to establish whether
the effects of light on TS and TC are of practical
significance.
It is clear that light affects thermophysiological
responses, but more research is necessary about how
the conditions and the different parameters interact
and influence human thermal responses. To get a
Figure 5 Effects of light on thermal sen-
sation and comfort, thermal behaviour
and thermophysiology. The solid lines
denote relations that have been estab-
lished. The dashed lines indicate proba-
ble, not yet established, relations.
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better understanding, a more consistent control and
description of both the thermal and the visual condi-
tions of experiments is required. Responses may be
different in a warm or cold environment, and as the
sensitivity of the photoreceptor cells differs, the inten-
sity as well as the spectral tuning of the light exposure
should be reported. Also the timing of the light expo-
sure with respect to time of day and the internal time
(circadian phase), and the duration of the exposure
are important factors to consider.
Applications
Knowledge of the interaction between light, thermo-
physiology and TC should be applied in human physio-
logical experimental research, as the interaction could
be an important confounding factor. Further under-
standing about the relation between light, TC and ther-
mophysiology could lead to improvements in the design
of the indoor environment. Dynamic lighting adjusted
to season, time of the day and daylight could be
required. When light can contribute to an improved
TC, this may enable for energy savings within heating,
ventilation and air-conditioning systems.
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